Abstract-Development and functional characterization of novel, high-affinity protein compounds able to selectively kill human cancer cells is an urgent task of modern biomedical research. In this work, we studied the cytotoxicity of a recombinant phototoxic protein DARPin-miniSOG against the HER2-positive human breast adenocarcinoma cells. It was found that targeted phototoxin DARPin-miniSOG interacts specifically with HER2 receptor and causes the light-induced death of HER2-positive cells by the mechanism of necrosis. Irradiation of the cells in the presence of ascorbic acid eliminates the light-induced cytotoxicity of DARPin-miniSOG, which proves the prooxidant mechanism of phototoxin action.
INTRODUCTION
Human epidermal growth factor receptor 2 (HER2) is a tyrosine kinase receptor that is normally present in all types of human epithelial tissues at a density of several thousand molecules per cell. During malignant transformation of a cell, amplification of the HER2 gene occurs, resulting in overexpression of the receptor encoded by it. In this case, the concentration of HER2 at the surface of the cancer cell sharply increases to several million molecules per cell. It is known that 15-20% of human breast tumors are characterized by HER2 oncomarker overproduction [1, 2] . That is why the tumor marker HER2 is an important target in cancer diagnostics and therapy. Immunotherapy using the targeted anti-HER2-antibodies, such as Trastuzumab and Pertuzumab, is widely used in modern medical practice for the treatment of HER2-positive breast tumors.
A few years ago, a new class of targeted molecules of the nonimmunoglobulin nature based on artificial proteins with ankyrin repeats, namely Designed Ankyrin Repeat Proteins (DARPins), was developed in the laboratory of Prof. A. Pluckthun [3] . DARPins are characterized by a high level of expression in a bacterial system; they are thermodynamically stable and are present as monomers in solution. In addition, this new class of protein molecules is characterized by high resistance to proteases [4] [5] [6] .
In our work, we used DARPin_9-29 recognizing the HER2 receptor with high affinity (K D = 3.8 nM) [7] as a targeted module and phototoxic flavoprotein miniSOG [8] as a cytotoxic module; miniSOG was constructed based on Arabidopsis thaliana phototropin 2 and comprises flavin mononucleotide (FMN) as a cofactor. Due to the presence of FMN in its structure, miniSOG is able to produce reactive oxygen species under exposure to blue light.
The results of the study show that phototoxin DARPin-miniSOG possesses a specific photo-induced cytotoxicity against HER2-positive cancer cells (IC 50 800 nM), causing necrosis of the irradiated cells. The presence of an antioxidant lowers the toxicity of photosensitizer DARPin-miniSOG for SK-BR-3 cells, which confirms the mechanism of action of the protein associated with the induction of oxidative stress.
MATERIALS AND METHODS
Cell lines and culture conditions. Human breast adenocarcinoma HER2-overexpressing SK-BR-3 cells and Chinese hamster ovary CHO cells were grown in a McCoy's 5A medium (Life technologies, United States) supplemented with 10% fetal bovine serum (HyClone, Belgium) in 5% CO 2 at 37°C.
Preparation of protein DARPin-miniSOG. Preparation of plasmid pDARP-mSOG and isolation of protein DARPin-miniSOG was described in [9] . Briefly,
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the coding sequence of targeted module DARPin-9_29 was amplified from plasmid pCG-HnseDARPin-d18-9-29 (kindly gifted by A. Pluckthun, University of Zurich). The PCR fragment was treated with NdeI and HindIII restriction endonucleases and ligated with pET22b vector that was pretreated with the same restriction enzymes. The coding sequence of miniSOG cytotoxic module was amplified from plasmid pSD-4D5scFv-miniSOG [8] treated with HindIII and XhoI restriction enzymes, and cloned into pET22b vector in the same reading frame with DARPin-9_29 coding sequence. The resulting expression cassette consisted of inducible promoter T7, coding sequences of DARPin-9_29, miniSOG genes, and hexahistidine tag.
Expression of the target protein DARPin-miniSOG was carried out in the BL21 (DE3) E. coli strain; induction was carried out with 1 mM IPTG when the culture optical density OD 600 reached 0.5-0.7. After induction, biomass was grown at 25°C for 8 h. DARPin-miniSOG protein was isolated from the soluble fraction using the metal-affinity chromatography according to the manufacturer's protocol.
Flow cytometry. Experiments on the flow cytometry were performed on a BD Accuri C6 flow cytometer (Becton Dickinson, United States). Adherent cells were detached from the substrate with a Versen solution (PanEko, Russia), and washed with phosphate buffered solution (PBS, PanEko, Russia). To determine live and dead cell subpopulations, the samples were incubated in 100 μL PBS with propidium iodide (PI, Sigma-Aldrich, United States) in a final concentration of 2.5 μg/mL on ice for 5 min in the dark. In the measurements, populations of single cells, and then the living cells (PI negative) were sequentially isolated. The following detection parameters were used: 20 mW laser voltage and 585/40 (FL2 channel) band pass filter to measure the PI fluorescence. The data obtained were analyzed using the BD Accuri C6 software.
Evaluation of in vitro cytotoxic effect of phototoxin. Cytotoxicity of genetically encoded targeted photosensitizer was determined by the MTT assay [10] . SK-BR-3 and CHO cells were seeded in 96-well plates in a volume of 200 μL of the suspension per well at a density of 35 000 and 20 000 cells/mL, respectively, and cultured overnight. Then, culture medium was removed, the cells were washed with PBS, and 100 μL of PBS (negative control) or PBS containing DARPin-miniSOG in a concentration range from 125 nM to 3 μM were added to each well. The plate was placed on a thermostated platform and irradiated for 20 min at 37°C with blue light (460 nm, intensity of 55 mW/cm 2 ). After irradiation, the growth medium with 10% serum was added to the wells and incubated for 48 h at 37°C in 5% CO 2 atmosphere. Then, the medium was removed, 100 μL of a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, PanEko) (0.5 mg/mL) prepared in the McCoy's 5A medium was added to each well, and the cells were incubated for 1 h at 37°C in 5% CO 2 atmosphere. After that, MTT solution was removed and 100 μL DMSO was added to each well, the plate was shaken on a shaker until complete dissolution of the formazan crystals. Absorbance of the content of each well was measured using an Infinite M1000 plate spectrophotometer (Tecan, Switzerland) at two wavelengths: 570 nm (working) and 650 nm (reference). All experiments were performed in triplicate. Cell survival after incubation with DARPin-miniSOG was evaluated by the amount of formazan that was formed as a result of the reduction of MTT solution by the cells and dissolved in DMSO (amount of formazan is proportional to the number of living cells). Cell growth curves were obtained using GraphPrism 6 Software. The IC 50 values were calculated using nonlinear regression analysis.
Validation of prooxidant mechanism of DARPinminiSOG toxicity. In order to validate the mechanism of cytotoxicity of recombinant protein due to the generation of reactive oxygen species, we carried out the irradiation of the cells using the method described above in the presence of ascorbic acid as an antioxidant. To estimate the ascorbic acid concentration that will not have a toxic effect in itself, the cells were seeded in 96-well plates as described above and incubated for 90 min with PBS containing ascorbic acid at concentrations from 2 nM to 2 μM. Maximal concentration of ascorbic acid that had no significant cytotoxic effect on SK-BR-3 cells was 60 nM. It is precisely this concentration that was further used in the irradiation of the cells. The cells irradiated in the presence of ascorbic acid and without it were also compared for their ability to reduce tetrazolium bromide.
Determination of hypoploid DNA fraction. The fraction of cells with fragmented DNA was determined by flow cytometry. To do this, SK-BR-3 cells were removed from a culture plastic using Versen solution, divided into samples of 10 5 cells each, centrifuged, separated from the supernatant, resuspended in PBS containing DARPin-miniSOG at a concentration of 0.5 μM, and irradiated with blue light (465 nm, 55 mW/cm 2 ) for 30 min at 37°C. After irradiation, 1 mL of the medium was added to cells and incubated at 37°C in a CO 2 -incubator for 1 day. The cells incubated under the same conditions without the protein were used as negative control of apoptosis. The cells incubated for 17 h in a solution of 500 mM staurosporine in the growth medium with 10% serum were used as positive control of apoptosis. After the incubation was completed, the cells were washed twice with PBS; 1 mL of 70% ethanol was added to each sample for permeabilization of the cell membrane, the cells were incubated on ice for 30 min. Thereafter, the cells were centrifuged for 5 min at 1000g at 4°C, the supernatant was discarded, and the cells were resuspended in 1 mL of PBS containing 50 μg of propidium iodide and 0.2 mg of RNase A and incubated for 15 min at room temperature in the dark. Samples were analyzed on a BD Accuri C6 flow cytometer.
RESULTS AND DISCUSSION
To study the mechanism of the cytotoxic effect of targeted phototoxin DARPin-miniSOG, we chose SK-BR-3 cell line of human breast adenocarcinoma, which is characterized by overproduction of the surface cellular receptor HER2.
Two of the most probable mechanisms of death for the cells cultured in vitro were considered: apoptosis and necrosis. As criteria for their difference, we chose the presence or absence of DNA fragmentation, as well as the morphology of dying cells.
Observation in a microscope on the SK-BR-3 human breast adenocarcinoma cells treated with phototoxin DARPin-miniSOG and subsequently irradiated with blue light showed that the following morphological changes characteristic of cell necrosis occurred 1.5-2 h after termination of irradiation ( Fig. 1) : the cells increased in size; swelling and vacuolization of the cytoplasm occurred; marked granularity appeared; the cells lost their typical fibroblastlike shape, in this case, formation of apoptotic bodies was observed in most of the cells. Furthermore, loss of the plasma membrane integrity was observed, as was proven by staining the cells with propidium iodide (Fig. 1) .
Measurement of the DNA amount in the cells and postcellular elements after irradiation of SK-BR-3 cells in the presence of DARPin-miniSOG showed that the initial amount of DNA remains in most cells, and subG1 fraction remains at the level of negative control (Fig. 2) . Therefore, toxic action of protein DARPin-miniSOG does not lead to the DNA fragmentation and reduction of its content in the postcellular structures, and, hence, it is not associated with induction of apoptosis.
To study the cytotoxic effect of DARPin-miniSOG in vitro, SK-BR-3 (HER2-positive control) and CHO (HER2-negative control) cells were incubated with protein DARPin-miniSOG at various concentrations (125 nM-3 μM) and subjected to irradiation with blue light. Fig. 3a clearly illustrates that the decreased viability of SK-BR-3 cells was observed after treatment with protein DARPin-miniSOG followed by irradiation. In this case, IC 50 was 800 nM. At the same time, CHO cells, that do not overexpress HER2, do not reduce viability after such treatment (Fig. 3a) .
Due to the presence of cofactor FMN as part of the protein globule, miniSOG generates reactive oxygen species (ROS) that induce cell death [11, 12] .
Ascorbic acid is a nonenzymatic antioxidant capable of protecting cells from long-term exposure of ROS. Ascorbic acid as an antioxidant is efficient against superoxide anion, hydrogen peroxide, hydroxyl radicals, and singlet oxygen [13] . We studied the effect of different concentrations of ascorbic acid on SK-BR-3 cancer cells and found that ascorbic acid at concentrations up to 100 nM did not affect the viability of the cells (Fig. 3b) . As is shown in Fig. 3a , the irradiation of the cells in the presence of 60 nM ascorbic acid prevents the photoinduced cytotoxic action of DARPin-miniSOG and increases IC 50 of DARPinminiSOG from 800 nM to 7 μM (by almost nine times).
The highest cytotoxic effect can be expected when phototoxin is located on the cell membrane. It is well known that unsaturated fatty acids contained in high amounts in the plasmatic membrane are a major target for reactive oxygen species [14] . The presence of molecular oxygen that is highly soluble in lipids is an additional factor contributing to the photoinduced damage to lipids. Thus, photosensitizer in a lipid environment has a greater chance to meet with molecular oxygen and to produce ROS than in water. Moreover, if the production occurs in a cell, there are a lot of enzymatic and nonenzymatic ways to maintain the intracellular redox homeostasis and to protect cells against various oxidants [15] . Our experiments with DARPin-miniSOG and ascorbic acid prove this hypothesis: ascorbic acid being a good antioxidant for various forms of ROS efficiently prevents lipid perox- idation and inhibits the DARPin-miniSOG cytotoxicity. Thus, we studied the photoinduced cytotoxicity and mechanism of cell death caused by phototoxin DARPin-miniSOG in the human breast adenocarcinoma cells. The presence of fragmented chromosomal DNA, as well as the characteristic morphological changes observed in the cells after exposure to targeted phototoxin, makes it possible to conclude that DARPin-miniSOG causes necrosis of cancer cells. The SK-BR-3 cells treated with DARPin-miniSOG and subjected to irradiation with blue light in the presence of ascorbic acid retain their viability, which confirms the prooxidant mechanism of phototoxin action.
